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ABSTRACT
The biogas production from organic waste—animal, sewage, landfill material—
could be a valuable renewable fuel. Before this biogas—predominately bio-methane—
can be converted to fuel, it must be dehumidified. Typically membrane-based gas
dehumidification

uses

hydrophilic

polymer

membrane

materials,

such

as

polydimethylsiloxane (PDMS) and cellulose acetate (CA). The main problems with
polymer dehumidification membranes are methane loss and the susceptibility of polymer
materials to plasticization by H2O. Room temperature ionic liquid membranes (RTILmembranes), according to recent literature, are not plasticized by water and have large
water/CH4 selectivities. We built on the initial literature RTIL-dehumidification data by
looking at a series of imidazolium-based ionic liquids. One membrane based on the
trifluoromethanesulfonate [TfO] anion had a water permeance of 2000 GPUs with a
H2O/CH4 selectivity of 12,000. With such high water permeances, boundary layer and
support structures might significantly contribute to the overall water transport resistance;
we, therefore, obtained data using procedures to minimize and model this effect. Of
additional interest to the membrane community is our finding that there is an impact on
the stability of some of the RTIL-membranes from the water vapor in the feed. Counter to
initial expectations, this impact appears as an increase in membrane mechanical stability
and H2O/CH4 selectivity with increasing feed gas relative humidity. In an attempt to
explain this phenomena we explored the impact of the Feed rH on the capillary forces in
the stabilized RTIL.
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Introduction and Literature Review
As the focus of the world shifts from non-renewable to renewable energy
sources, the preparation of these renewable energy sources must be considered. Biogas
produced from anaerobic digestion is a viable option in place of natural gas. However,
this biogas—mainly biomethane—contains impurities such as carbon dioxide, hydrogen
sulfide, and water, which must be removed before the biomethane can be used as fuel (1).
The dehumidification process is very important since the moisture in the gas can cause
corrosion in distribution pipelines and can form solid hydrocarbon/water hydrates (2).
Conventional processes, in approximately 36,000 units around the United States, involve
the use of glycol dehydrators and water desorption distillation (2). Lower energy
requirements, simple installation, ease of operation, and low process costs could make
membrane technology an attractive altervative in biomethane dehumidification (3).
Permeability and selectivity are the two most important parameters in membrane
technology in terms of gas separation processes. Permeance, L, and permeability, P,
describe the mass transport rate across the membrane (3)(4):
Li =

Gi
Q
= i
AΔpi Δpi

(1)

and,
€

Pi = Liδ =

Qiδ
Δpi

(2)

where Q is the steady state flux of gas i through the membrane (sccm/cm2), Gi is the gas i
€

flow rate (sccm) through the membrane, A is the membrane surface area (cm2), and Δpi is
the driving force for gas i, calculated in terms of partial pressure difference between the
feed and permeance sides of the membrane (cmHg). The common unit of permeance is
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GPU (10-6 cm3 (STP)/cm2 s cmHg) while permeability is expressed in barrers (10-10 cm3
(STP) cm/(cm2 s cmHg)). The permeability is the permeance normalized by the active
thickness, δ, of the membrane material. Selectivity is the ratio of component permeances
involved in the separation process:

α ij =

Pi Li
=
Pj L j

(3)

where the subscripts i and j represent the fast permeating and slow permeating species in

€

the separation process, respectively (4).
Membrane-based gas separations involve a variety of different materials, usually
polymer-based. Over the past 30 years, the most common types seen in industry include
polysulfones, cellulose acetates, poly(2,6-dimethyl-1,4-phenylene oxide) (PPO), aramids,
polycarbonates, and polyimides. If we limit the discussion to membrane materials used
for water vapor separation, Table 1 provides key characteristics of some of these
materials. More information on the characteristics of the polymer-based membranes is in
Appendix (2). When considering polymer-based membranes, the trade-off between
permeability and selectivity must be considered. As the permeability of a specific gas
increases, the selectivity generally decreases; the line defining this tradeoff is called the
“upper bound” in a Robeson plot (4). Two other disadvantages of polymer-based
membranes are physical aging and plasticization. Physical aging decreases the
permeabilities of the membranes as the material wears out with time. Plasticization
occurs when the polymer swells, resulting in more space for gas diffusion. Therefore,
permeability will increase with time while selectivity decreases for membranes whose
separation depends on the diffusing species size differences (4).
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Table 1. Polymers conventionally used for gas dehumidification along with some novel membranes
recently proposed in the literature. (3)
Material/membrane
Dense film polymers
Cellulose acetate (CA)
Sulfonated polyethersulfone
(SPES)
Polyethylene oxide (PEO-PBT)
Poly(vinylalcohol)-EDTMPA
Polyimide
Polyimides with fluorinecontaining 6FDA dianhydride
Polyether-polyurethanes-PU 400
Room temperature ionic liquids
[emim][BF4]
[emim][Tf2N]

Water permeability (barrer)
or permeance (GPU)

Selectivity
vs. CH4

Comments

100,000 barrer
997.7 GPU
10,000 barrer
2450-4400 barrer

5000-30,000

Ideal selectivity

1760 barrer

29,300

Ideal selectivity

354,000 barrer & 1,430 GPU
283,000 barrer & 859 GPU

5,800
2,390

60,000 barrer
15,000 barrer

Alternatives to polymer-based membranes are supported liquid membranes
(SLMs). Room temperature ionic liquids (RTILs) are a particularly attractive choice for
the SLMs due to their low melting points (below 100ºC), non-volatility, and nonflammability. These RTIL-membranes, or supported ionic liquid membranes (SILMs),
can be either water miscible or water immiscible. Both types are hygroscopic with the
uptake of water decreasing viscosity. One advantage of these membranes is the fact that
they are less prone to selectivity loss through plasticization from the permeating water
vapor. The selectivity of these membranes is solubility dominated, instead of diffusion
dominated. Diffusivity still plays an important role in determining permeabilities but not
selectivity (3). The disadvantages of RTIL membranes include low flux rates and low
mechanical stability when stability is measured by the maximum operating cross
membrane pressure ≤2 bars (3).
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Of the physical properties of RTIL membranes, we explored the relationship
between increasing water content and the capillary forces of the RTILs in the porous
media of the SILMs. Therefore we looked at surface tension versus water content of
RTILs. Surface tension affects the rate of “vapor absorption” at the vapor-liquid interface
and, therefore, must be further examined (5). Several methods exist for measuring surface
tension including the Wilhelmy plate, pendant drop, capillary rise, drop volume, and du
Noüy ring (6). Surface tension values are reported in either dyne/cm or mN/m, which are
equivalent, with γ as the representative symbol. Table 2 illustrates the difference in these
methods

for

producing

the

surface

tension

of

1-ethyl-3-methylimidazolium

tetrafluoroborate ([emim][BF4]).

Table 2. Surface tension values for [emim][BF4] as reported in literature based on different measurement
methods (at approximately 298K). The discrepancy between the values from the capillary rise method and
the other was attributed to lack of pre-drying before measurement (7).
Method
Drop Volume
Wilhelmy Plate
du Noüy Ring
Capillary Rise
Pendant Drop

Surface Tension (mN/m)
53.04
53.97±0.013
54.01±0.004
44.3
54.4

Reference
(5)
(6)
(6)
(7)
(8)

The capillary rise method was chosen in order to examine the general trends of the effect
of increasing water content on the capillary forces of the room temperature ionic liquids
using only a small amount of liquid at a time. The capillary rise method uses the height of
the capillary rise in comparison with the inner radius of the capillary tube and the contact
angle the liquid makes with the tube wall. This results in the following equation (7):
(4)

2πRγ cos(θ ) = ρπR 2 hg

€
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where R is the inner radius of the capillary tube, γ is the surface tension and a function of
water content, θ is the contact angle, ρ is the density of the RTIL, h is the capillary rise,
and g is the acceleration due to gravity. Table 3 provides the results of Martino et al’s
work for the RTILs examined in our study.

Table 3. Surface tension values and capillary rise heights presented by Martino et al through the capillary
rise method for various RTILs. All surface tensions reported at room temperature (22-25ºC) (7). The
surface tension of [bmim][NO3] was measured using the du Noüy ring method (9)
RTIL
[emim][BF4]
[emim][TfO]
[emim][FeCl4]
[bmim][NO3]

Capillary Rise (mm)
26.92
26.92

Surface Tension (dyn/cm)
44.3
39.2
47.7
50.5

Previous work done by Scovazzo on RTILs for the dehumidification of methane
determine (3):
•

The functionality of water permeabilities in SILMs vs. gas relative humidities

•

The water separation selectivity vs. gas rH relationship

•

The performance and stability of water immiscible vs. water miscible RTIL
membranes

The room temperature ionic liquids examined in the previous work include 1-ethyl-3methylimidazolium

bis(trifluoromethanesulfonyl)amide

([emim][Tf2N]),

trimethyl(butyl)ammonium bis(trifluoromethanesulfonyl)amide ([N4,1,1,1][Tf2N]), 1-ethyl3-methylimidazolium dicyanamide ([emim][dca]), and 1-ethyl-3-methylimidazolium
tetrafluoroborate ([emim][BF4]). The membrane module used included a stainless steel
support, a feed flow rate of 80.0 sccm, a sweep flow rate of 8.0 sccm, and a membrane
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area of 9.261 cm2 (Figure 1). The module resulted in a high mass transfer resistance in
the feed boundary layer and the sweep boundary layer compared to the membrane
resistance. According to Scovazzo’s work, water/methane selectivity decreased with
increasing retentate relative humidity for the water miscible ionic liquids. A summary of
Scovazzo’s results can be found in Table 4.

Figure 1. Membrane module showing impingement flows on both the retentate and permeate sides of the
membrane. Insert shows distribution of water molar concentration used in the calculation of the water
vapor transport driving force (3).

Table 4. Performance of RTIL-membranes (SILMs) in the dehumidification of methane; water permeances
and mixed gas water/methane selectivities. The water permeances may include gas boundary layer
resistance and should be considered preliminary conservative estimates (3).
SILM
[emim][Tf2N]
[N4,1,1,1][Tf2N]
[emim][BF4]

!

H2O from CH4 permeance
x10-9 mol/[m2 Pa s]
GPU
287±15
859
235±20
703
478±41
1430

6!

Mixed gas H2O/CH4 selectivity
2390±127
2307±179
8100 (rH<40%)
5800±702 (rH≥40%)

In his master’s thesis, Amos continued Scovazzo’s work. Using a modified
membrane module, Amos examined [emim][BF4], [emim][Tf2N], [N4,1,1,1][Tf2N], 1ethyl-3-methylimidazolium

trifluoromethanesulfonate

([emim][TfO]),

and

decyltrimethylammonium bis(trifluoromethylsulfonyl)amide ([N10,1,1,1][Tf2N]). The new
membrane module had a mass transport area of 19.05 cm2 with either a copper mesh
support or a polytetrafluoroethylene (PTFE) support. The new module was designed to
decrease the boundary layer resistance present in the previous module. The results of
Amos’s work can be seen in Table 5.

Table 5. Performance of RTIL-membranes in the dehumidification of methane; water permeances,
methane permeances, and mixed gas water/methane selectivities (1).
RTIL
[emim][TfO]
[emim][BF4]
[emim][Tf2N]
[N4,1,1,1][Tf2N]
[N10,1,1,1][Tf2N]

Avg. Water Permeance
(GPU)
2,000
700
700
890±270
250±15

Avg. Methane
Permeance (GPU)
0.17±0.02
0.24
0.25
0.40±0.13
0.22±0.1

Selectivity (H2O/CH4)
12,000
2,900
2,800
2,250±600
1,100

Other questions surrounding biomethane treatment through RTIL membranes
include achieving sufficient driving force in terms of practicality and removing other
substances from the gas such as carbon dioxide (CO2) and hydrogen sulfide (H2S). In
previous membrane systems, dehumidification under atmospheric pressure lacked a
sufficient driving force across the membrane for practical application. Implementing the
use of a vacuum sweep gas on the permeate side of water selective membranes allows gas
expansion to create a practical driving force to achieve gas separation (12). According to
Scovazzo and Scovazzo, the proper modification of a retentate sweep of the permeate
from high pressure (>10 atm) humid gas feeds can produce adequate driving forces for
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membrane based dehumidification of ambient pressure gas feeds, counter to conventional
wisdom (12). Other work has been done exploring the separation of acidic gases, such as
CO2 and H2S, from natural gas. A SILM prepared with 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim][BF4]) in a polyvinylidene (PVDF) porous-support produced a
CO2 permeance of 30-180 barrer and a selectivity of CO2/CH4 of 25-45 (13). From Park’s
research group, this particular RTIL membrane also showed a H2S permeance of 1601100 barrer and a selectivity of H2S/CH4 of 130-260 (13).
The purpose of this thesis is to expand the list of tested room temperature ionic
liquid membranes, to test for boundary layer conditions in the modified membrane
module, and to study the stability of the RTIL membranes versus feed relative humidity.
The stability study included looking at how capillary forces of RTILs change with water
content and headspace relative humidity.
!
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Experimental Section
1. Methane Dehumidification
The experimental procedures build on those presented in “Testing and evaluation
of room temperature ionic liquid (RTIL) membranes for gas dehumidification” (3).

1.1 Materials
The ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate ([emim][BF4])
was acquired from Sigma-Aldrich Corporation with minimum purity of 99.0% (CAS
143314-16-3 MW=197.97). 1-ethyl-3-methylimidazolium trifluoromethanesulfonate
([emim][TfO]) also was acquired from Sigma-Aldrich with minimum purity of 98.0%
(CAS 145022-44-4 MW=260.23).
The following ionic liquids were synthesized in-house using methods described in
the following sections: 1-butyl-3-methylimidazolium nitrate ([bmim][NO3]) and 1-ethyl3-methylimidazolium tetrachloroferrate ([emim][FeCl4]). These ionic liquids were made
using the following reagents: 1-butyl-3-methylimidazolium chloride from Sigma-Aldrich
with minimum purity of 98.0% (CAS 79917-90-1 MW=174.67), silver nitrate (CAS
7761-88-8 MW=169.87), 1-ethyl-3-methylimidazolium chloride from Sigma-Aldrich
(CAS 65039-09-0 MW=146.62), and iron (III) chloride hexahydrate (CAS 10025-77-1
MW=270.29).
Methane (purity > 99.97%) and nitrogen (purity ~99.998%) were acquired from
NexAir

(Memphis,

TN).

HPLC

grade

acetone

(CAS

67-64-1

MW=58.08),

dichloromethane with purity greater than 99.89% (CAS 64-17-5 MW=119.38), and

!
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propanol (CAS 71-23-8 MW=60.10), all acquired from Fisher Scientific, were used as
solvents in the synthesis process for some of the ionic liquids.

1.2 Preparation
1.2.1 [bmim][NO3] preparation in acetone and dichloromethane based on in-house
procedure
The synthesis of [bmim][NO3] from [bmim][Cl] and Ag NO3 is a one-to-one by
mole basis double displacement reaction. Due to the light sensitivity of silver compounds
and to prevent side reactions, the entire reaction was conducted in the dark with the
beakers wrapped in aluminum foil.
[bmim][Cl] + AgNO3 → [bmim][ NO3] + Ag NO3
To produce 10g of [bmim][NO3], first add 8.68g of [bmim][Cl] to 60mL acetone
in a beaker (or sealed mason jar). Stir for one hour at room temperature with a magnetic
stirrer. Add Ag NO3 (8.44g) to the solution, place in a sealed jar, and slowly stir for 24
hours at room temperature with a magnetic stirrer. Remove solution from stirrer, allow to
settle for 30 minutes, then vacuum filter. Place the filtrate in the Rotovac® at 100oC and
10 Torr overnight to ensure complete removal of the acetone from the product. To ensure
a high purity of the product, wash with 11mL of chloroform and filter. Stir the solution
slowly for one hour at room temperature with a magnetic stirrer. Take the solution off the
stirrer and allow to settle for 30 minutes before vacuum filtration. Place the filtrate in the
Rotovac® at 100oC and 10 torr overnight. Decant the product into a covered vial and
appropriately label. The result was a light yellow liquid.

!

10!

1.2.2 [emim][FeCl4] preparation in propanol based on in-house procedure
Measure out equal molar amounts of [emim][Cl] and FeCl3 * 6 H2O for mixing in
a container. Add a stir bar to the container and heat slightly while stirring at 30ºC until the
compounds are liquid. Let the compounds settle into different phases. In order to purify the
product, pour all of the contents of the container into a separatory funnel. Once the
components have settled into different phases again, pour out the bottom, black layer into a
round bottom flask. Place this round bottom flask in the Rotovac® to dry the product. Once
dried, pour the product into a sealable container and fill with propanol. Mix the solution
thoroughly, allow it to separate into different phases, and freeze the product. This should
results in a solid bottom layer and a liquid upper layer. Pour out the liquid and allow the
bottom product layer to melt. Repeat the propanol washing process two more times and dry
the final product in the Rotovac®.

1.3 RTIL-Membrane Formation
Two different supports were used for the liquid membranes: 90 mm Supor-100
0.1µm disc filters from Pall Corporation (P/N 60311) and Durapore 0.1 µm membranes
from EMD Millipore Chemicals (CAS VVLP09050). The Supor-100 is a hydrophilic
polyethersulfone (PES) membrane with 80% porosity. The Durapore membrane is a
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hydrophilic polyvinylidene fluoride (PVDF) membrane with 70% porosity. The following
was the procedure for fabricating the SILM by combining the RTIL with either the PES or
the PVDF supports. Drip 1.5mL of RTIL on a plate over enough area for the membranesupport to cover. Place the membrane-support on top of the dripped RTIL with the active
side (shiny side) facing down. Allow membrane-support to soak up the RTIL and then
spread the remaining 1.5mL over exposed side of membrane-support, for a total of 3 mL.
Put the plate and SILM in a vacuum dessicator overnight for degassing and dehydration.
Remove the excess liquid from the surface of the membrane-support by blotting gently with
filter paper before experiments. Install the dried SILM in the test module with the active
side facing the high pressure side of the module.

1.4 Equipment
1.4.1 Continuous test apparatus for gas permeance with counter-current sweep
Refer to Figure 2 for the process diagram of the cross-current flow testing of the
RTIL membranes. The experiments used methane (CH4) feed gas where the feed relative
humidity could be controlled from 0-99%. An insulated box contained the test apparatus
and maintained the system at 31ºC. MKS Type 1179A Mass-Flo® controllers (MFCs)
operated by a MKS Type 247D Four-Channel Readout controlled the flows of individual
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gases using two mass flow controllers (CH4 and the sweep gas N2). This setup allowed for
flow rates to be accurately specified over extended time periods. The total CH4 feed flow
rate was a constant 80.0 sccm (standard cubic centimeters per minute). The N2 sweep gas
flow rate was either 8.0 or 80.0 sccm depending on the data targeted for accurate
measurement (water or methane fluxes). A sweep gas flow rate of 8.0 sccm was required to
measure the permeate methane percentages since the high sweep flow rates resulted in a
faction of methane too low for the sensors to read. However, the higher sweep gas flow
rate of 80.0 sccm was needed to accurately measure the permeate water relative humidities
since a “pinch point” will occur due to the high flux rates of water vapor when using the
8.0 sccm sweep gas. At low sweep rates, the permeate relative humidity approaches the
concentrations of water vapor in the retentate within the module. The relative humidity
values could be so close that the tolerance in the sensors (±2% relative humidity) could
over lap. The result is a false data point, mathematically creating a false negative water
vapor driving force. For example, if the actual retentate and permeate relative humidities
were 59% and 58%, respectively, the feed relative humidity sensor could read from 57-61%
relative humidity; the permeate relative humidity could read from 56-60%. If the retentate
sensor reported 61% and the permeate sensor reported 60% relative humidity, a false
negative water vapor driving force would be calculated.

!
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Figure 2. Gas dehumidification test apparatus schematic identifying flow-splitting assembly used to vary
the feed gas relative humidity.

Eight sensors were used for the experiment (Figure 2). One relative humidity
sensor was upstream of the membrane module to test the feed gas. Six of the sensors were
downstream to measure the conditions of the permeate and retentate sides: one relative
humidity sensor, one temperature sensor, and one pressure sensor for each stream exiting
the membrane module. The sweep gas entering the module was assumed to have 0%
relative humidity since it was compressed gas passed through a DryRite® gas filter.
Calibrated Honeywell HIH-4011 Series sensors measured the relative humidities; National
Semiconductor LM34 sensors measured the temperatures; and Omega PX139 sensors
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measured the pressures. The final sensor measured the partial pressure of methane in the
permeate stream, discussed in a later section. The permeate stream was maintained at 1 bar
and the retentate stream at approximately 1.1 bar.
Returning to the preparation of the feed gas in Figure 2, the CH4 feed flows into a
tee-shaped needle valve assembly to divide the flow through the bypass and humidifier.
The fraction of gas diverted through the humidifier determined the feed gas humidity. The
humidifier consists of an air-stone in a column of water filled with plastic pall rings. A
layer of pall rings also exists above the water column to demist the humidified gas. The
humidified gas stream passes through a 300 mL cylinder, Swagelok 304L-HDF4-300, to
ensure a well-mixed, thermostated mixture.
The well-mixed, humidified CH4 feed enters the transparent polycarbonate
membrane module (Figure 3 and Figure 4). The membrane unit is sealed from the
atmosphere by the compression of two o-rings. A rectangular area of 19.05 cm of the
2

membrane is exposed to the feed gas. A polytetrafluoroethylene (PTFE) support (Figure 5)
placed under the membrane prevents tearing in the membrane under cross membrane
pressures. The fluid dynamics within the membrane module were fully developed laminar
counter-current flow down the longitudinal axis (calculations discussed in later section).
The sweep gas carries the permeate out of the module for sampling.
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Figure 3. Side-view of the membrane module showing cross-current flow.

Figure 4. Top-view of the membrane module.
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Figure 5. This is the top view of the membrane support. The circle indicates the edge of the support with
radius of 84 mm. The dashed line indicates where the edges of the flow channel contact the support. The
black rectangles indicate the holes cut through the support (8mm x 25mm) with a spacing of 0.3 mm,
resulting in an area of 12 cm2 of openings in the support.

1.4.2 Methane gas analysis
An Edinburgh Instruments iRcel 2179 gas sensor with a full scale readout of 0.05
methane volume fraction measured the methane in the permeate after the water/methane
separation. The methane sensor was standardized with calibration gases and feed gas flow
measurements and was calibrated for changes in relative humidity. A linear offset to the
sensor equation corrects for humidity effects. The calibration algorithm adjusts to account

!

17!

for the 1% sensitivity of the methane sensor due to relative humidity using the permeate
relative humidity data.

1.4.3 Experimental procedures
The experiment used absolute feed pressures of approximately 1.1 bar (17 psia) and
permeate absolute pressure of 1.0 bar (15 psia). The experiment covered a range of feed gas
relative humidities from 0-100% in a random sequence with the goal of collecting a data
point every 10%. Approximately four hours after feed condition adjustments was allowed
prior to data collection for the system to reach steady state. This time period was more than
adequate as the residence time in the static mixer was three minutes and 45 seconds. A data
acquisition program logged:
•

The CH4 and sweep flow rates

•

Feed relative humidity

•

Retentate conditions (pressure, temperature, and relative humidity)

•

Permeate conditions (pressure, temperature, relative humidity, and methane
concentration)

The program (LabView) recorded data points once per minute for 60 minutes so that 61
data points were averaged before data analysis.
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2. Boundary Layer Conditions
The experimental procedure to test for boundary layer conditions is based on the
model provided in “Fabrication of a lithium chloride solution based composite supported
liquid membrane and its moisture permeation analysis” (13).

2.1 Materials and Preparation
The sodium chloride was acquired from Fisher Scientific with a minimum purity
of 99.5% (CAS 7647-14-5 MW=58.44). Prepare a saturated sodium chloride solution by
mixing approximately 40 g NaCl in 100 mL of water. Leave excess NaCl in the bottom
of the container in order to maintain a saturated solution at equilibrium during testing.
The lithium chloride was acquired from Fisher Scientific as well with a minimum purity
of 98.5% (CAS 7447-41-8 MW=42.39). Mix approximately 55 g LiCl in 100 mL of
water with excess LiCl left in the bottom of the flask to maintain a saturated solution to
produce a saturated solution of lithium chloride.
Methane (purity>99.97%) and nitrogen (purity ~99.998%) were acquired from
NexAir (Memphis, TN).

2.2 Equipment
Refer to Figure 6 for the process diagram of the boundary layer testing for the
membrane module. The experiments used methane (CH4) and nitrogen (N2) as feed gases
in order to test both the permeate and retentate sides of the membrane module for
boundary layers. The module used for this experiment was a modified version of the
same polycarbonate membrane module used to measure the membrane water
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permeances. The retentate side of the module remained the same. The permeate side of
the module was sealed and a trough cut into the bottom to hold the saturate salt solutions
(Figure 7). The same test apparatus and sensors used to test gas permeance with a
counter-current sweep were used in a modified version. The sweep gas was disconnected
and the readings from the sensors on the permeate side were ignored since only the feed
gas is tested in this procedure.

Figure 6. Schematic for the gas dehumidification membrane module boundary layer condition tests.

Figure 7. Side view of the membrane module showing trough for saturated liquid.
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2.2 Experimental Procedures
The experiment used absolute feed pressures of approximately 1.1 bar (17 psia).
The experiment tested feed gas conditions of low relative humidity (~10%) and moderate
relative humidity (~40%) at flow rates of 8.0 sccm and 80.0 sccm to resemble the
conditions of the sweep gas. For the lithium chloride, nitrogen was run as the sweep gas
at rates of 8.0 sccm and 80.0 sccm. These conditions were tested with and without the
PTFE support. The trough in the bottom half of the membrane module was filled with 15
mL of saturated NaCl with a small stir bar placed inside to keep the solution evenly
mixed. Approximately four hours between data collections were allowed for the system
to reach steady state. The same procedure was repeated with LiCl. A data acquisition
program logged the feed flow rate and relative humidity; and the retentate pressure,
temperature, and relative humidity. The program (LabView) recorded data points once
per minute for 60 minutes so that 61 data points were averaged before data analysis.

3. Capillary Rise versus Relative Humidity
The experimental procedure to test for capillary rise of room temperature ionic
liquid membranes was based on the procedures presented in “Surface tension
measurements of highly conducting ionic liquids” (7).

3.1 Materials
The room temperature ionic liquids used in this study include [emim][TfO],
[bmim][NO3], [emim][BF4], and [emim][FeCl4]. The sources and specifications of these
RTILs were discussed in an earlier section.
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3.2 Equipment
Refer to Figure 8 for the experiment setup for testing the surface tension of the
room temperature ionic liquids in comparison to increasing relative humidity. Each RTIL
was placed in a 25 mL vial. The caps to the vials were fitted with the septas. Calibrated
Honeywell HIH-4011 Series sensors were placed through the septas. The capillary tubes
used to measure capillary rise were acquired from Fisher Scientific (Cat. No. 22-260943). The glass tubes had a length of 75 mm, an inner diameter of 1.1 to 1.2 mm, and a
volume of 70 µL.

Figure 8. Experimental setup apparatus to test surface tension versus relative humidity.

3.3 Experiment Procedure
The experiment was held at room temperature and atmospheric pressure. The
experiment covered a range of RTIL relative humidities increasing from approximately
0-100% with the goal of collecting a data point every 10%. Approximately two hours
between data collections were allowed for the systems to reach equilibrium. Starting with
4 mL of dry RTILs, a data acquisition program (LabView) logged the relative humidities
of [emim][TfO], [bmim][NO3], and [emim][BF4], recording data points once per minute
for 30 minutes so that 31 data points were averaged before data analysis. After the
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relative humidity was logged, the capillary rise of each liquid was measured using the
capillary tubes. Then varying amounts on the order of microliters of deionized water were
added to each RTIL to increase the relative humidity by 10% using an Eppendorf pipette.
This process was repeated until the relative humidity of the RTILs reached approximately
100%.
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Results
1. Methane Dehumidification
In

this

thesis,

four

RTILs

were

tested:

1-ethyl-3-methylimidazolium

tetrafluoroborate ([emim][BF4]), 1-ethyl-3-methylimidazolium trifluoromethanesulfonate
([emim][TfO]), 1-butyl-3-methylimidazolium nitrate ([bmim][NO3]), and 1-ethyl-3methylimidazolium tetrachloroferrate ([emim][FeCl4]).
The reader should keep in mind that the N2 sweep gas flow rate was varied to
allow accurate measurements of the water and methane fluxes, as mentioned in the
experimental section. The methane permeance measurements required an 8.0 sccm flow
rate, while the water permeance measurements required a flow rate of 80.0 sccm.
1.1 PES stabilized membranes
The [emim][TfO] was the only RTIL, stabilized in PES, that did not fail and
performed decently in the dehumidification tests. The values of the water permeance (Lw)
at a sweep flow rate of 80.0 sccm range from 1800 to 2400 GPU with an average of 2080
GPU (Figure 9). At a sweep flow rate of 8.0 sccm, the values of the methane permeance
range from 0.19 to 0.44 GPU (Figure 10). The 0.44 GPU value occurred for the dry gas
(2.7% rH) feed. If it is not considered, the humid feed methane permeances were
0.21±0.02 GPU on average. This difference in humid versus dry methane feed is more
dramatic for the PVDF porous-support membranes, which will be explored in depth later
in this thesis. The value of methane permeance for the dry feed appears to be an outlier.
The humid feed selectivity value was 9200, calculated by dividing the water permeance
at the higher sweep flow rate by the methane permeance at the lower sweep rate because
the feed gases were mixed; this selectivity is not ideal. However, since the permeate fluid
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dynamics were different, it does not meet the traditional definition of mixed gas
selectivity. This will therefore be called “modified mixed gas selectivity.”
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Figure 9. Plot of the [emim][TfO] on PES, displaying the water permeances vs. feed relative humidities.
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Figure 10. Plot of the [emim][TfO] on PES, displaying the methane permeances and selectivites vs. feed
relative humidities.

Several complications occurred during the preparation and the testing of several of the
membranes. During the preparation of [emim][FeCl4] in the polyethersulfone (PES) –
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porous-support, the membrane support swelled and partially dissolved; therefore, it could
not be used in the dehumidification tests. The [bmim][NO3] membrane in the PES –
porous-support continuously failed in dehumidification tests. The first trial with
[bmim][NO3] failed after the researcher installed the membrane into the module too
tightly, causing the module to cut the membrane. The following two trials failed for
unknown reasons, but upon removal from the membrane module, the [bmim][NO3]
membrane looked brittle along the breakage lines. Therefore, the remainder of the RTILmembrane data was obtained using the PVDF porous-support.

1.2 PVDF stabilized membranes
Dehumidification tests were run on [emim][TfO] in the PVDF porous-support to
compare the performances of the two different porous-support materials. The high and
low sweep flow rates were also used in these tests to accurately measure the water and
methane permeances. The water permeance values from the higher sweep flow rate
ranged from 1300 to 2400 GPU with an average of 1800 GPU (Figure 11). This is a
greater range than seen with the PES stabilized membrane. The methane permeance
values showed a dual mode trend as seen in Figure 12. For the lower relative humidities,
the methane permeance ranged from 0.35 to 0.44 GPU with an average of 0.40±0.03
GPU; for the higher relative humidities, the values ranged from 0.14 to 0.19 GPU with an
average of 0.18±0.08 GPU. These values are similar to those seen in the PES stabilized
membrane. However, the feed relative humidity, at which the transition between modes
occurred, shifted to higher relative humidity for the PVDF compared to the PES. The
selectivity of the membrane was calculated to reflect the dual mode trend of the methane
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permeances. The selectivity is 4600 at lower relative humidity at 13,900 at higher relative
humidity.
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Figure 11. Plot for [emim][TfO] on PVDF, displaying the water permeances vs. feed relative humidities.
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Figure 12. Plot of [emim][TfO] on PVDF, displaying the methane permeances and selectivities vs. feed
relative humidities.
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1.3 [bmim][NO3] in PVDF
Due to the difficulties of producing a working [bmim][NO3] membrane on the
PES porous-support, two trials were run for the [bmim][NO3] on the PVDF poroussupport. In the first trial, the water permeance values ranged from 1300 to 3000 GPU
with an average of 2100 GPU (Figure 13). The methane permeance values ranged from
0.07 to 0.10 GPU with an average of 0.08±0.013 GPU. The selectivity in the first trial
was calculated to be 24,400 (Figure 14).
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Figure 13. Plot for the first trial for [bmim][NO3], displaying the water permeances vs. feed relative
humidities.
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Figure 14. Plot displaying the first trial for [bmim][NO3], displaying the methane permeances and
selectivities vs. feed relative humidities.

In the second trial, the values of the methane permeance ranged from 0.20 to 0.33
GPU with an average of 0.27±0.035 GPU (Figure 16). The values of the water permeance
ranged from 1000 to 2800 GPU with an average of 1940 GPU. The selectivity of the
second trial was approximately 7000, significantly lower than the first trial (Figure 15).
For some reason the methane flow rates in the second trial were approximately four times
the flow rates in the first trial. In the second trial, the methane flow rate increased as
relative humidity increased. This shows a lack of repeatability.
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Figure 15. Plot of the second trial for [bmim][NO3], displaying the water permeances vs. feed relative
humidities.
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Figure 16. Plot of the second trial for [bmim][NO3], displaying the methane permeances and selectivities
vs. feed relative humidities.

1.4 [emim][FeCl4] in PVDF
Since the [emim][FeCl4] dissolved and swelled the PES porous-support, only
[emim][FeCl4] on the PVDF porous-support could be tested in the dehumidification of
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methane (Figures 17 and 18). This membrane also presented the dual mode trend of the
methane permeances as seen in the [emim][TfO] on PVDF membrane. For relative
humidities <40%, the values of the methane permeances range from 0.31 to 0.35 GPU
with an average of 0.33±0.01 GPU and an outlier at 43% rH. The methane permeance
was approximately 0.1 GPU for relative humidities >75%. There was a transition zone
(between 40% to 75% relative humidity) where the methane permeance ranged from 0.15
to 0.30 GPU. The water permeance values range from approximately 500 to 590 GPU
with an average of 520 GPU. The selectivity of the membrane was 1700 at lower relative
humidity and 4800 at high relative humidity.
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Figure 17. Plot of [emim][FeCl4], displaying the methane permeances and selectivities vs. feed relative
humidities.
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Figure 18. Plot of [emim][FeCl4], displaying the water permeances vs. feed relative humidities.

1.5 [emim][BF4] in PVDF
The dual mode trend displayed by the [emim][TfO] and [emim][FeCl4] on PVDF
membranes resembles a trend that emerged from earlier research performed by Si-Kyun
Bae for the University of Mississippi Department of Chemical Engineering. In Bae’s
research, [emim][BF4] on PES produced a similar dual mode trend with a transition
occurring between 30% and 60% rH. In an attempt to explain to the dual mode presented
by the RTILs on PVDF, an [emim][BF4] on PVDF membrane was tested (Figures 19 and
20); however, the dual mode did not occur in the methane permeances. The values of the
water permeance range from 1800 to 2800 GPU with an average of 2200 GPU. The
values range from 0.17 to 0.24 GPU with an average of 0.19±0.022 GPU. The selectivity
of the [emim][BF4] in PVDF membrane ranged from 10,600 at the lower feed relative
humidity to 11,700 for the higher feed relative humidity.
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Figure 19. Plot of [emim][BF4], displaying the methane permeances and selectivities vs. feed relative
humidities.
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Figure 20. Plot of [emim][BF4], displaying the water permeances vs. feed relative humidities.
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2. Boundary Layer Conditions
In this experiment, sodium chloride and lithium chloride were used to test the
boundary layer conditions of the membrane module. During testing of the two ionic
liquids, two major issues occurred. First, the excess solid NaCl placed in the trough of the
membrane module to hold equilibrium migrated up the tubing and blocked the retentate
exit stream. The tubing and valves had to be removed and cleaned in order to continue
with the experiment. Then the retentate sensors slipped out of location during the lithium
chloride testing and would not stay in place no matter how much glue was applied to the
site. Upon further investigation, we determined salt build-up had coated the sensors and
the insides of the piping. Therefore, no data was collected for sodium chloride and
nitrogen.
The given relative humidity for a saturated solution of sodium chloride is 75% at
20ºC (14). The tests with the methane feed produced a range of retentate relative
humidities from 70 to 72% rH with an average of 71.4% rH as seen in Figure 21.
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Figure 21. Plot of NaCl, displaying the retentate relative humidities and literature value of saturated NaCl
vs. feed relative humidities under varying flow rates.
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A saturated solution of lithium chloride has a relative humidity of 11% at room
temperature (14). The boundary layer tests with lithium chloride covered both low and
high flow rates of methane and nitrogen with and without the PTFE support. The range of
retentate relative humidities extended from 15 to 21% rH with an average of 17.4% rH
(Figure 22).
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Figure 22. Plot of LiCl, displaying the retentate relative humidities and the literature value of saturated
LiCl vs. feel relative humidities under varying condition.

3. Capillary Pressure versus Relative Humidity
Three room temperature ionic liquids were tested in this experiment:
[emim][TfO], [bmim][NO3], and [emim][BF4]. The purpose of testing the relation
between capillary pressure and relative humidity for these RTILs is to determine whether
or not the capillary forces cause the dual mode trend as seen in the methane permeances
for the [emim][TfO] and [emim][FeCl4] on PVDF membranes. Each of the three tested
RTILs required different amounts of DI to cause increase in the same relative humidities.
A total of 1300 µL of water were added in different increments to raise the relative
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humidity of [emim][TfO] from 0% to 98% rH. [Bmim][NO3] required a total of 2500 µL
of water to raise the relative humidity of the liquid from 0 to 95% rH. After 900 µL of
water were added to [bmim][NO3], a white precipitate started to form in the vial. A total
of 950 µL of water were added to [emim][BF4] to raise the relative humidity from 0 to
100% rH. In each of the liquids, the capillary rise increased with each new addition of
water (Figures 23, 24, 25, and 26).
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Figure 23. Plot for [emim][TfO], displaying the change in capillary rise vs. relative humitidy.
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Figure 24. Plot for [bmim][NO3], displaying the change in capillary rise vs. relative humidity. Around 40%
rH, the water formed a precipitate in the [bmim][NO3]. The capillary rise was measured before mixing the
precipitate and after.
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Figure 25. Plot of [emim][BF4], displaying the change in capillary rise vs. relative humidity.
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Figure 26. Plot of [emim][FeCl4], displaying the change in capillary rise vs. relative humidity.

In order to comprehensively compare the capillary pressure versus relative
humidity trends of the different liquids, Table 10 covers the transition ranges of the dual
mode methane permeance trends for each examined RTIL, the percent increase of
capillary rise across the transition range, and the maximum and minimum capillary rises
for each RTIL. In the Appendix, Tables 6, 7, 8, and 9 include more detailed information
on the capillary forces of each RTIL.
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Table 10. Summary of the dual modes of methane permeances presented by each RTIL and how that is
reflected in the percent increase of capillary rise with increasing water content.
RTIL

!

[emim][TfO]

Transitions
(% rH)
30-50

[bmim][NO3]

5-30

Dual Mode Lm
(GPU)
(low rH) 0.40±0.03
(high rH) 0.18±0.08
N/A

[emim][BF4]

25-40

N/A

150%

6.0

17.0

[emim][FeCl4]

40-80

(low rH) 0.33±0.01
(high rH) 0.11±0.04

26.1

11.5

14.5
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% Increase in
Capillary Rise
57.9%

Capillary Rise
Min (mm) Max (mm)
8.5
15.5

87.5%

8.0

16.5

Discussion and Conclusions
The findings for this experiment cover RTIL-membrane performance for methane
dehumidification including: water permeance, methane permeance, and selectivity for a
range of RTIL membranes including [emim][TfO], [emim][FeCl4], [bmim][NO3], and
[emim][BF4]. Recall from the experimental section that the collection of data for methane
permeances requires a sweep gas flow rate of 8.0 sccm. As seen in Table 11, the lowest
methane permeance resulted from [bmim][NO3] with a value of 0.08±0.013 GPU. At low
relative humidities, [emim][TfO] on PVDF produced the highest methane permeance
with a value of 0.40±0.03 GPU.

Table 11. Summary of water and methane permeances and selectivities for all tested RTIL membranes and
supports. [Emim][TfO] on PVDF and [emim][FeCl4] data reported for low and high relative humidities to
reflect the dual mode methane permeance trend previously shown in Figure 12 and Figure 17.
RTIL

Avg. Water
Permeance (GPU)

Avg. Methane
Permeance (GPU)

Selectivity
(H2O/CH4)

[emim][TfO] on PES

2079

0.23±0.07

9,200

[emim][TfO] on PVDF
(high rH)
[emim][FeCl4]
(high rH)
[bmim][NO3] Trial 1
[bmim][NO3] Trial 2
[emim][BF4]

1,500
2,000
510
510
2137
1940
2217

0.40±0.03
0.18±0.08
0.33±0.01
0.11±0.04
0.08±0.013
0.27±0.035
0.20±0.02

4,600
13,900
1,700
4,800
24,400
7,000
11,100

The data for the water permeances of each RTIL membrane was collected with a
sweep gas flow rate of 80.0 sccm. Each membrane produced similar trends as water
permeances increased with increasing relative humidity. The [emim][FeCl4] membrane
was the outlier in the group since the water permeance through this membrane remained
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constant with increasing relative humidity. The average value for the water permeance
through [emim][FeCl4] was 510 GPU, as seen in Table 11. [Emim][BF4] produced the
highest average water permeance with a value of 2217 GPU. This is consistent with the
findings of Scovazzo that found an increase in water permeance for water miscible
RTILs, such as [emim][TfO], [bmim][NO3], and [emim][BF4] (3). Scovazzo found that
for water immiscible RTILs, such as [emim][FeCl4], the water permeance was
approximately constant with feed relative humidity.
The tested membranes in this thesis have higher selectivities than those previously
reported in the literature. Figure 27 provides a full summary of the selectivities for each
membrane. The first trial of [bmim][NO3] on PVDF produced the highest selectivity of
the tested membranes with a value of 24,400, as seen in Table 11. At low feed relative
humidity, [emim][FeCl4] produced the lowest selectivity of 1,700. Previously reported
data for [emim][TfO] provided a selectivity of 12,000 (1). For the tested [emim][TfO]
membranes in this report, the PES support produced a selectivity of 9,200 and the PVDF
support produced a selectivity of 13,900 at high feed relative humidities (1). The
[emim][BF4] membrane produced a higher selectivity of 11,100 on the PVDF support in
comparison to the selectivity of 2,900 of [emim][BF4] on PES as reported by Amos (1).
Scovazzo reported selectivities of 8,100 (rH<40%) and 5,800 (≥40%) for [emim][BF4]
(3).
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0!
Figure 27. The selectivities produced by the tested RTIL membranes. The results show a maximum
selectivity of 24,000 from [bmim][NO3] trial 1 and a minimum of 1,700 from [emim][FeCl4] at low feed
relative humidities.

The effect of water content in the RTILs on the capillary forces was examined to
provide an explanation for the dual mode trend of methane permeances produced by
[emim][TfO] and [emim][FeCl4] membranes on the PVDF support. The [emim][TfO],
[bmim][NO3], and [emim][BF4] membranes were tested by comparing capillary rise with
increasing relative humidities. As seen in Figures 23, 24, and 25, the capillary rise for
each RTIL displayed a jump in values between 12-50% relative humidities depending on
the RTIL. The dual mode trends showed a drop in methane permeance at approximately
50% relative humidity for both [emim][TfO] and [emim][FeCl4]. According to Rilo et al.,
the

surface

tension

decreases

with

increasing

RTIL

molar

fraction

in

a

water/[emim][BF4] binary mixture. The results also showed that a sharp drop in surface
tension occurred at a molar fraction of 0.2 of [emim][BF4] in water (5). However this
work is based on water-rich calculations. Converting Rilo et al.’s data to RTIL-rich
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numbers shows a sharp increase in surface tension at a molar fraction of approximately
0.8 of water in the RTIL.
The new membrane module was designed to decrease the resistance to mass
transfer due to the boundary layer provided by the module itself. Saturated lithium
chloride and sodium chloride solutions were used to test the module’s boundary layers.
The results from sodium chloride appear to show that the membrane module has
negligible resistance to mass transfer under the given flow conditions. Considering the
sensors have an error of approximately 3-4%, the data is consistent with the modeling of
the boundary layer resistance in this module (14). In previous models, the boundary
layers would add 10% to the overall resistance for membranes with permeances of
approximately 1000 GPU.
The goals of this report were to expand the range of room temperature ionic liquid
membranes tested for the dehumidification of methane to include [emim][TfO],
[bmim][NO3], [emim][BF4], and [emim][FeCl4]. The RTILs were tested on both
polyethersulfone and polyvinylidene fluoride. Previous data showed that water
permeances remained constant with increasing feed relative humidity. However, the
results from this experiment showed increasing water permeance with increasing feed
relative humidity. The [bmim][NO3] on PVDF membrane produced the highest
selectivity of the group at 24,400; [emim][FeCl4] had the lowest selectivity of 1,700 at
low feed relative humidities. Both [emim][TfO] and [emim][FeCl4] on PVDF produced a
dual mode trend for methane permeances.
The capillary forces associated with increasing water content were explored in
order to explain the dual mode of the methane permeances. The results from the capillary
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rise method showed a sharp increase in capillary rise between 12-50% relative humidity
of [emim][TfO], [bmim][NO3], and [emim][BF4]. The hypothesis is that the increases in
capillary forces with feed relative humidity increase the ability of the liquids in the
SILMs to wet their supports. Therefore the liquid more evenly spreads throughout the
support, closing pores. This also produces membranes that could withstand greater crossmembrane pressures preventing the “pinhole” formation in the membrane from gas
pressure displacement of the liquid. The end result was that the methane flow rate
decreased with relative humidity increase since the pinholes closed.
The boundary layer tests of the new membrane module indicated that there is
negligible resistance to mass transfer at the given flow conditions. Therefore, the change
in design from Scovazzo’10 to the current membrane module significantly decreased the
resistance to mass transfer. This limits the resistance to the transfer of water to the porous
membrane.
The work encourages further research to expand the list of tested RTILs such as
1-ethyl-3-methylimidazolium dicyanamide. Since the [bmim][NO3] membrane tests
showed a lack of repeatability, more research is needed to develop consistency in the
data. Further work is recommended for the effect of water content on the capillary forces
of the RTILs.
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APPENDIX: EXTRA TABLES
The following tables in this appendix present further information on polymer-based
membranes, data collected during the capillary force tests, and calculations.

Table 12. Characteristics of polymer-based membranes including water permeability and selectivity at
room temperature (2).
Material
Hydrophilic glassy polymers
Ethyl cellulose
Cellulose acetate
Sulfonated poly(amide-imide) (BDSA-40%)
Hydrophilic rubbery polymers
Pebax® 1074 (55%PEO/45%Nylon-12)
1000PEO55PBT44
Nafion® 117

Water Permeability (barrer)

Selectivity H2O/CH4

20,000
10,000
9,800

2,500
190,000
1,600,000

50,000
85,500
410,000

6,060
7,100
4,100,000

Table 6. The effect of increasing water content on relative humidity, capillary rise, and percent increase of
capillary rise in [emim][TfO].
Water Content
(g-water/g-total)
0
0.0089
0.0177
0.0348
0.0513
0.0672
0.0789
0.0939
0.1085
0.1260
0.1396
0.1655
0.1898
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% rH
0.8
8.3
15.3
26.4
36.6
53.0
60.6
69.8
77.4
85.6
88.4
91.9
97.5

Capillary Rise
(mm)
9.5
8.5
9.0
10.0
13.5
15.0
15.0
13.5
15.0
14.0
13.0
14.0
15.5
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% Increase
(Relative to dry capillary rise)
0
-10.5
-5.3
5.3
42.1
57.9
57.9
42.1
57.9
47.4
36.8
47.4
63.2

Table 7. The effect of increasing water content on relative humidity, capillary rise, and percent increase of
capillary rise in [bmim][NO3].
Water Content
(g-water/g-total)
0
0.0107
0.0211
0.0413
0.0607
0.0973
0.1311
0.1625
0.1917
0.2189
0.2381
0.2682
0.2959
0.3502

% rH
-0.6
3.9
6.2
12.0
17.9
29.1
37.8
45.4
52.8
62.0
66.9
75.3
84.5
94.8

Capillary Rise
(mm)
8.0
9.5
8.0
9.5
13.0
15.0
14.5
15.5
14.5
16.0
15.5
16.0
16.5
16.5

% Increase
(Relative to dry capillary rise)
0.0
18.8
0.0
18.8
62.5
87.5
81.3
93.8
81.3
100.0
93.8
100.0
106.3
106.3

Table 8. The effect of increasing water content on relative humidity, capillary rise, and percent increase of
capillary rise in [emim][BF4].
Water Content
(g-water/g-total)
0
0.0096
0.0190
0.0372
0.0548
0.0633
0.0717
0.0881
0.1039
0.1191
0.1266
0.1551
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% rH
4.4
16.3
25.3
38.8
49.7
55.2
60.2
70.8
78.9
90.1
91.2
99.8

Capillary Rise
(mm)
6.0
8.5
8.5
15.0
14.5
14.5
15.0
15.0
14.5
17.0
16.5
17.0
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% Increase
(Relative to dry capillary rise)
0
41.7
41.7
150.0
141.7
141.7
150.0
150.0
141.7
183.3
175.0
183.3

Table 9. The effect of increasing water content on relative humidity, capillary rise, and percent increase of
capillary rise in [emim][FeCl4].
Water Content
(g-water/g-total)
0
0.00088
0.00263
0.00386
0.00508
0.00630
0.00873
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% rH
15.8
17.5
39.4
56.1
76.0
95.9
100.7

Capillary Rise
(mm)
11.5
12.0
12.0
12.5
13.5
14.5
13.0
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% Increase
(Relative to dry capillary rise)
0
4.35
4.35
8.70
17.4
26.1
13.0

APPENDIX: SAMPLE CALCULATIONS
Sample calculations for the permeances of methane and water and the selectivity.
Given data:
Area for transport

Molar flow rates

Calculation of Psat(water)
Antoine's values from Felder and Rousseau for 0 to 60C

Calculation of Water Driving Force and Mole Fraction:

!

49!

Calculation of Methane Driving Force and Mole Fractions

Calculation of Nitrogen Mole Fractions

Calculation of fluxes, permeances and selectivity.
Assumptions: Temperature in the feed and retentate are the same
Pressure of the feed and retentate are the same
Nitrogen flux and loss are negligible
Fraction of water and methane in sweep are zero
Fluxes:

Permeances:

Selectivity:
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